NOAA Technical Memorandum NMFS-NE-183

NOAA Fisheries Service's
Large Marine Ecosystems Program:

Status Report

U. S. DEPARTMENT OF COMMERCE
National Oceanic and Atmospheric Administration
National Marine Fisheries Service
Northeast Fisheries Science Center
Woods Hole, Massachusetts

July 2004



Recent Issues in This Series:

164. An Overview of the Social and Economic Survey Administered during Round II of the Northeast Multispecies Fishery
Disaster Assistance Program. By Julia Olson and Patricia M. Clay. December 2001. v + 69 p., 3 figs., 18 tables, 2 app. NTIS Access.
No. PB2002-105406.

165. A Baseline Socioeconomic Study of Massachusetts’ Marine Recreational Fisheries. By Ronald J. Salz, David K. Loomis,
Michael R. Ross, and Scott R. Steinback. December 2001. viii + 129 p., 1 fig., 81 tables, 4 app. NTIS Access. No. PB2002-108348.

166. Report on the Third Northwest Atlantic Herring Acoustic Workshop, University of Maine Darling Marine Center,
Walpole, Maine, March 13-14, 2001. By William L. Michaels, ed. & co-conven., and Philip Yund, co-conven. December 2001. iv +
18 p., 14 figs., 2 app. NTIS Access. No. PB2003-101556.

167. Assessment and Characterization of Salt Marshes in the Arthur Kill (New York and New Jersey) Replanted after a Severe
Qil Spill. By David B. Packer, ed. December 2001. x + 228 p., 54 figs., 58 tables, 6 app. NTIS Access. No. PB2004-106067.

168. U.S. Atlantic and Gulf of Mexico Marine Mammal Stock Assessments — 2001. By Gordon T. Waring, Janeen M. Quintal, and
Steven L. Swartz, eds., Phillip J. Clapham, Timothy V.N. Cole, Carol P. Fairfield, Aleta Hohn, Debra L. Palka, Marjorie C. Rossman, U.S.
Fish and Wildlife Service, and Cynthia Yeung, contribs. December 2001. vii+ 310 p., 43 figs., 54 tables, 2 app. NTIS Access. No. PB2002-
104350.

169. U.S. Atlantic and Gulf of Mexico Marine Mammal Stock Assessments — 2002. By Gordon T. Waring, Janeen M. Quintal, and
Carol P. Fairfield, eds., Phillip J. Clapham, Timothy V.N. Cole, Lance P. Garrison, Georgia Department of Natural Resources, Aleta A. Hohn,
Blair G. Maise, Wayne E. McFee, Debra L. Palka, Patricia E. Rosel, Marjorie C. Rossman, U.S. Fishand Wildlife Service, Frederick W. Wenzel,
and Cynthia Yeung, contribs. September 2002. vii + 318 p., 42 figs., 56 tables, 4 app. NTIS Access. No. PB2003-104167.

170. Interaction of Shelf Water with Warm-Core Rings, Focusing on the Kinematics and Statistics of Shelf Water Entrained
within Streamers. By Ronald J. Schlitz. March 2003. v + 35 p., 26 figs., 3 tables. NTIS Access. No. PB2005-100158.

171. Length-Weight Relationships for 74 Fish Species Collected during NEFSC Research Vessel Bottom Trawl Surveys. By
Susan E. Wigley, Holly M. McBride, and Nancy J. McHugh. March 2003. vi+ 26 p., 1 fig., 3 tables. NTIS Access. No. PB2003-106486.

172. Variability of Temperature and Salinity in the Middle Atlantic Bight and Gulf of Maine Based on Data Collected as
Part of the MARMAP Ships of Opportunity Program, 1978-2001. By Jack W. Jossi and Robert L. Benway. March 2003. vi + 92
p., 74 figs., 5 tables. NTIS Access. No. PB2004-100835.

173. Essential Fish Habitat Source Document: Barndoor Skate, Dipturus laevis, Life History and Habitat Characteristics. By
David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v + 23 p., 14 figs., 1 table. NTIS Access. No. PB2003-104257.

174. Essential Fish Habitat Source Document: Clearnose Skate, Raja eglanteria, Life History and Habitat Characteristics.
By David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v + 50 p., 25 figs., 2 tables. NTIS Access. No. PB2003-
104260.

175. Essential Fish Habitat Source Document: Little Skate, Leucoraja erinacea, Life History and Habitat Characteristics. By
David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v+ 66 p., 27 figs., 2 tables. NTIS Access. No. PB2003-104259.

176. Essential Fish Habitat Source Document: Rosette Skate, Leucoraja garmani virginica, Life History and Habitat
Characteristics. By David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v+ 17 p., 11 figs., 1 table. NTIS Access.
No. PB2003-104258.

177. Essential Fish Habitat Source Document: Smooth Skate, Malacoraja senta, Life History and Habitat Characteristics. By
David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v +26 p., 15 figs., 1 table. NTIS Access. No. PB2003-104256.

178. Essential Fish Habitat Source Document: Thorny Skate, Amblyraja radiata, Life History and Habitat Characteristics. By
David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v+ 39 p., 18 figs., 2 tables. NTIS Access. No. PB2003-104255.

179. Essential Fish Habitat Source Document: Winter Skate, Leucoraja ocellata, Life History and Habitat Characteristics.
By David B. Packer, Christine A. Zetlin, and Joseph J. Vitaliano. March 2003. v + 57 p., 25 figs., 2 tables. NTIS Access. No. PB2003-
104254.

180. Variability in Blood Chemistry of Yellowtail Flounder, Limanda ferruginea, with Regard to Sex, Season, and Geographic
Location. By Renee Mercaldo-Allen, Margaret A. Dawson, Catherine A. Kuropat, and Diane Kapareiko. September 2003. vi+ 20 p., 1
fig., 10 tables. NTIS Access. No. PB2004-107074.



NOAA Technical Memorandum NMFS-NE-183

This series represents a secondary level of scientific publishing. All issues employ
thorough internal scientific review; some issues employ external scientific review.
Reviews are -- by design -- transparent collegial reviews, not anonymous peer
reviews. All issues may be cited in formal scientific communications.

NOAA Fisheries Service's
Large Marine Ecosystems Program:
Status Report

Kenneth Sherman, Peter Celone, and Sally Adams

National Marine Fisheries Serv., 28 Tarzwell Dr., Narragansett, Rl 02882

U. S. DEPARTMENT OF COMMERCE

Donald L. Evans, Secretary

National Oceanic and Atmospheric Administration
Vice Admiral Conrad C. Lautenbacher, Jr., USN (ret.), Administrator

National Marine Fisheries Service
William T. Hogarth, Assistant Administrator for Fisheries

Northeast Fisheries Science Center
Woods Hole, Massachusetts

July 2004



Editorial Notes

Publication Date: In orderto distribute a prepublication draft of this document at a September 2004 conference, the issue
number (i.e., 183) and publication date (i.e., July 2004) were assigned in summer 2004. Subsequent to thattime, some new
information was added and some existing information wasrevised. These actions explain why some 2005 literature citations
appear in a document with a July 2004 publication date.

Species Names: The NEFSC Editorial Office’s policy on the use of species names in all technical communications is
generally to follow the American Fisheries Society’s lists of scientific and common names for fishes (i.e., Robins et al.
1991a%b®) mollusks (i.e., Turgeon et al. 1998°), and decapod crustaceans (i.e., Williams et al. 1989¢), and to follow the
Society for Marine Mammalogy's guidance on scientific and common names for marine mammals (i.e., Rice 1998°).
Exceptions to this policy occur when there are subsequent compelling revisions in the classifications of species, resulting
in changes in the names of species (e.g., Cooper and Chapleau 1998, McEachran and Dunn 1998g).

Internet Availability: This issue of the NOAA Technical Memorandum NMFS-NE series is being copublished, i.e., as
both a paper and Web document. The Web document, which will be in HTML (and thus searchable) and PDF formats,
can be accessed at: http://www.nefsc.noaa.gov/nefsc/publications/tm/tm183.

“Robins, C.R. (chair); Bailey, R.M.; Bond, C.E.; Brooker, J.R.; Lachner, E.A.; Lea, RN.; Scott, W.B. 1991. Common and scientific names
of fishes from the United States and Canada. 5th ed. Amer. Fish. Soc. Spec. Publ. 20; 183 p.

"Robins, C.R. (chair); Bailey, R.M.; Bond, C.E.; Brooker, J.R.; Lachner, E.A.; Lea, R.N.; Scott, W.B. 1991. World fishes important to
North Americans. Amer. Fish. Soc. Spec. Publ. 21; 243 p.

‘Turgeon, D.D. (chair); Quinn, J.F., Jr.; Bogan, A.E.; Coan, E.V.; Hochberg, F.G.; Lyons, W.G.; Mikkelsen, P.M.; Neves, R.J.; Roper, C.F.E.;
Rosenberg, G.; Roth, B.; Scheltema, A.; Thompson, F.G.; Vecchione, M.; Williams, J.D. 1998. Common and scientific names of aquatic
invertebrates from the United States and Canada: mollusks. 2nd ed. Amer. Fish. Soc. Spec. Publ. 26; 526 p.

dWilliams, A.B. (chair); Abele, L.G.; Felder, D.L.; Hobbs, H.H., Jr.; Manning, R.B.; McLaughlin, P.A.; Pérez Farfante, I. 1989. Common
and scientific names of aquatic invertebrates from the United States and Canada: decapod crustaceans. Amer. Fish. Soc. Spec. Publ. 17;
77 p.

‘Rice, D.W. 1998. Marine mammals of the world: systematics and distribution. Soc. Mar. Mammal. Spec. Publ. 4; 231 p.

fCooper, J.A.; Chapleau, F. 1998. Monophyly and interrelationships of the family Pleuronectidae (Pleuronectiformes), with a revised
classification. Fish. Bull. (Washington, DC) 96:686-726.

¢tMcEachran, J.D.; Dunn, K.A. 1998. Phylogenetic analysis of skates, a morphologically conservative clade of elasmobranchs
(Chondrichthyes: Rajidae). Copeia 1998(2):271-290.



Contents
53T (e 4 10107 5 () DU SUSURRRPRRUPI 1
LIME DIESCIIPLION ...eevviiurieeiieiiesitesiteeteeteesteesseesttesssessseasseassaesseesseesssessseassesssesssesssessssesssesssessseessesssesssessssesssenns 1
DIETINTEION. ¢ttt ettt b et b et b e et et e s bt et e e b e eat et e e bt et ente e bt e st e nbeeaeentesbeennens 1
Delineation and Major STIESSOTS .......cevueeiierieeiieeitierieesieeteette et et esteesteesteesateeteebeesseesseesseesnsesseesneesnseens 3
MONItOring anNd ASSESSIMENL ......ccuvieeetreerrrerteeesteeereeestteesseeasseeesseesseeassseessseesssssessseesssseessssessseesssessssseaes 3
LME INICatOr MOGULES.......eotieiieiietieieite ettt ettt ettt ettt et e be e et e e e et est e eeeseensesteeneensesaeeneenneeneenes 3
Productivity Module INAICALOTS .......c.eivvieriierierieeieeieeie ettt see et e e te e be e seessaesssessseessaesaesseessnessnenns 4
Fish and Fisheries Module INAiCators.........couiiiiiiiiiiieieee ettt s 5
Pollution and Ecosystem Health Module INdIiCators ............cceevvieirieiierieiiecie et sene e 5
Socioeconomic Module INAICALOTS ........ccouiiiriiriiieireeteee ettt et s 5
Governance Module INAICALOTS .........ecueeruieriieiiiie ettt ettt et esaeesaaesateeabeesbeesneennes 6
Application of Indicator Modules to LME Management............ccccccveeiieeeiieeniieniieeireeeieeesieeesveeeeeeessseesnnes 6
Establishment of the Global Environment FACIIItY ..........cccoceviveiireiiriieniesie e sae e 6
Science-Based Assessments of LME Biomass Yields .......cccoccveriiriiiiiiiieiiieeieeieeceeeeee e 7
Recovering FiSheries BIOMASS ........cccuiiiiiiiiiiiiiiie ettt ettt et e e te s veesvaeetaeessbeessaeessseenssaeenseeanes 7
Eutrophication and Nitrogen OVerenriChment ..........c.cccveecvieerieriienieniesiesreereereesieesteeseneseressesssesssessneans 9
A Way Forward: The GEF-LME Project Approach to Management.............cccceevverierienieenieenieesieenieenenenens 10
LME Modeling Contributes to POlICY-MaKIiNg ..........cccccuiiiriiiiiiiieiiieciie ettt evee e e sveeeeveesveeevee e 12
LME Approach to World SUummiit Tarets........cc.eeveveercuiiiriieiiieeieeerieeeite e esreeseeesveesneeeeseessneeesenas 12
REfETENCES CILEA ...ttt sttt s b et e bt e et e bt e bt e e sb e et et e s bt et e ebeeneeeeeneennes 14
Figures
Figure 1. LMESs correspond to natural fEatUIES ............cecceerieriiriiiieeieese ettt e e 1
Figure 2.  Global map showing 64 LMEs and linked watersheds ...........ccccoceviiriiiienciieeciieeie e 2
Figure 3.  Global map showing 64 LMEs and their estimated average annual primary productivity .......... 2
Figure 4. A simple set of scale relations for the pelagic f00d Web ..........ccooieviiiiiiiiiiiie e, 3
Figure 5. LME modules as suites of condition indiCators ...........cceervieeiiieriiieniie e eeieeeieeesveeereeeeve e 4
Figure 6. Example of multijurisdictional LME GOVEINANCE ........c.cccvvevvierierieiieeieeieereeieesivesveevessreeneens 6
Figure 7. Decadal trends in biomass yields of the six candidate LMEs for precautionary approach actions
to preclude total fish biomass TEAUCHIONS ........cc.eeriieriiriiriiiie et 8
Figure 8. Increase in biomass of Georges Bank yellowtail flounder and haddock following reduction in
VU0 i 1) USSP 9
Figure 9. Comparison of total nitrogen fluxes from select LME watersheds ...........ccccoceeveenienieninnnnnee. 10
Figure 10. Model-predicted dissolved inorganic nitrogen export by rivers to coastal systems in 1990 and
2050 -ttt ettt ettt ettt eh e ettt ea e e bt eh e et e heen e et e ehe et e eaeen e e bt eheenteaneeneeteeneennas 11
Figure 11. Large Marine Ecosystems Program planning and implementation process and schedule.......... 13
Tables
Table 1.  Published studies and volumes on LIMES .......ccccoiiiiiiiiiiiiiieeeteeee e 18
Table 2.  Primary and secondary driving forces of biomass yields for 29 LMEs ........ccccccoiviiniennnen. 19
Table 3.  Reported 1999 annual fisheries biomass yields of LMEs where stewardship ministries are
implementing or planning GEF-LME Projects..........ccccceeviriiinieniiniieeeceeeie e 20

Table 4.  The 121 countries participating in GEF-LME Projects..........ccccueevverviieciieniienieniesreeveeveenens 21

Page iii



Page iv

FAO
GEF
10C
IUCN

LME
NERRS
NOAA
SAP
TDA

UNDP
UNEP
UNCED
WSSD

Acronyms

UN’s Food and Agriculture Organization

UN’s Global Environment Facility

UN’s Intergovernmental Oceanographic Commission

International Union for the Conservation of Nature and Natural Resources;
also known as World Conservation Union

large marine ecosystem

NOAA'’s National Estuarine Research Reserve System

US Department of Commerce’s National Oceanic and Atmospheric Administration
strategic action plan

transboundary diagnostic analysis

United Nations

UN Development Program

UN Environment Program

1992 UN Conference on Environment and Development

2004 World Summit on Sustainable Development



INTRODUCTION

Since 1984, the NOAA Fisheries Service’s Large
Marine Ecosystems (LME) Program has been engaged in
the development and implementation of an ecosystem-
based approach to support assessment and management of
marine resources and habitats. Five linked program
modules have been developed for introducing the LME
approach: productivity, fish and fisheries, pollution and
ecosystem health, socioeconomics, and governance.
Taken together, these modules provide time-series
measurements used to support actions for the recovery,
sustainability, and management of marine resources and
habitats. The 10 LMEs of the United States are the
Northeast Shelf, Southeast Shelf, Gulf of Mexico, California
Current, Gulf of Alaska, East Bering Sea, Beaufort Sea,
Chukchi Sea, Insular Pacific-Hawaii, and Caribbean Sea
(Figure 1).

A global effort is underway by NOAA in partnership
with the World Conservation Union (IUCN), the UN’s
Intergovernmental Oceanographic Commission (IOC), and
other UN agencies to improve the long-term sustainability
of resources and environments of the world’s 64 LMEs and
linked watersheds. Scientific and technical assistance is
provided to developing countries committed to policies
and actions for eliminating transboundary environmental

Gulfof
Alaska LME

Eastern Bering
Sea LME

Insular Pacific- California
Hawaiian LME Current LME
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and resource-use practices that lead to serious degradation
of coastal environments and their linked watersheds, and
to losses in biodiversity and food security.

LME DESCRIPTION
DEFINITION

LMEs are natural regions of ocean space encompass-
ing coastal waters from river basins and estuaries to the
seaward boundary of continental shelves and the outer
margins of coastal currents. They are relatively large
regions 0f200,000 km? or greater, the natural boundaries of
which are based on four ecological criteria: bathymetry,
hydrography, productivity, and trophically related popula-
tions.

The theory, measurement, and modeling relevant to
monitoring the changing states of LMEs are imbedded in
reports on ecosystems with multiple steady states, and on
the pattern formation and spatial diffusion within
ecosystems (Holling 1973, 1986, 1993; Pimm 1984; Sherman
and Alexander 1986, 1989; Sherman et al. 1990; Beddington
1986; Mangel 1991; Levin 1993). The concept that critical
processes controlling the structure and function of
biological communities can best be addressed on a regional

Northeast
U.S. LME

.Southgast
U.S. LME
Gulf of

..... 9 Mexico LME

k. Caribbean
LME

Figure 1. LMEs correspond to natural features. (The 10 LMEs of the United States are regions of the ocean starting in coastal areas and
extending out to the seaward boundaries of continental shelves and major current systems. They take into account the biological
and physical components of the marine environment as well as terrestrial features such as river basins and estuaries that drain
into these ocean areas. From the final report of the U.S. Commission on Ocean Policy (USCOP 2004).)
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3. California Current
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5. Gulf of Mexico

6. Southeast U.S. Continental Shelf
7. Northeast U.S. Continental Shelf
8. Scotian Shelf
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11. Pacific Central-American

12. Caribbean Sea

13. Humboldt Current

14.
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26.
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Figure 2. Global map showing 64 LMEs and linked watersheds.
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Figure 3. Global map showing 64 LMEs and their estimated average annual primary productivity. (Estimates are based on SeaWIFS
satellite data collected between September 1998 and August 1999, and the model developed by Behrenfeld and Falkowski
(1997). The color-enhanced image (provided by courtesy of Rutgers University) depicts a shaded gradient of primary produc-
tivity from a high of 450 gCm2yr' in red to <45 gCm2yr! in purple.)



basis (Ricklefs 1987) has been applied to the ocean by
using LMEs as the distinct units for marine resources
assessment, monitoring, and management. In turn, the
concept of assessment, monitoring, and management of
marine resources from an LME perspective has been the
topic of a series of ongoing national and international
studies, symposia case studies, and workshops initiated in
1984; in each instance, the geographic extent of the LME
has been defined on the basis of bathymetry, hydrography,
productivity, and trophodynamics. A list of peer-reviewed
published volumes of LME case studies is given in Table 1.

DELINEATION AND MAJOR STRESSORS

Within the geographic limits of LMEs, domains or
subsystems can be defined. For example, the Adriatic Sea
is a subsystem of the Mediterranean Sea LME. In other
LMEs, geographic limits are defined by the character of
continental shelves. Among these are the U.S. Northeast
Continental Shelf and its four subsystems -- Gulf of
Maine, Georges Bank, Southern New England, and Mid-
Atlantic Bight (Sherman ez al. 1988, 1998). Other examples
of continental shelf LMEs are the Icelandic Shelf, Yellow
Sea, East Bering Sea, North Sea, and Barents Sea. For
LMESs with narrow shelf areas and well-defined currents,
the LMEs are bounded by the outer margins of the major
coastal currents. The Humboldt Current, California
Current, Canary Current, Kuroshio Current, and Benguela
Current are examples of coastal current LMEs.

The areas of the world most stressed from habitat
degradation, pollution, and overexploitation of marine
resources are the coastal ecosystems. Ninety percent of
the usable annual global biomass yield of fish and other
living marine resources is produced in 64 LMEs (Figure 2)
identified within, and in some cases extending beyond, the
boundaries of the exclusive economic zones of coastal
nations located around the margins of the ocean basins
(Sherman 1994; Garibaldi and Limongelli 2003). Levels of
primary production are persistently higher around the
margins of the ocean basins than in the open-ocean pelagic
areas (Figure 3). High population density characterizes
these coastal ocean areas and contributes to the pollution
that has its greatest impact on natural productivity cycles
through eutrophication from high levels of nitrogen and
phosphorus effluent from estuaries. Toxins in poorly
treated sewage discharge, harmful algal blooms, and loss of
wetland nursery areas to coastal development are
ecosystem-level problems that also need to be addressed
(GESAMP 1990).

MONITORING AND ASSESSMENT

Temporal and spatial scales influencing biological
production and changing ecological states in marine
ecosystems have been the topic of a number of theoretical
and empirical studies. The selection of scale in any study is
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MM,F, B
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Kilometers

Figure 4. A simple set of scale relations for the pelagic food web. (P
= phytoplankton, Z = zooplankton, F = fish, MM = marine
mammals, B = birds, X = predictable fronts with small
cross-front dimensions, and Y= weather events occurring
over relatively large scales. Adapted from Steele (1988).)

related to the processes under investigation. An excellent
treatment of this topic can be found in Steele (1988). Steele
indicates that in relation to the general ecology of the sea,
the best-known models in marine population dynamics
include those by Schaefer (1954) and Beverton and Holt
(1957), following the earlier pioneering approach of
Lindemann (1942). However, as noted by Steele (1988), this
array of models is unsuitable for dealing with temporal or
spatial variability in the ocean. A heuristic projection was
produced by Steele (1988) to illustrate scales and
ecosystem indicators of importance in monitoring pelagic
components of the ecosystem, including phytoplankton,
zooplankton, fish, frontal processes, and short-term but
large-area episodic effects (Figure 4).

A key factor in reaching a determination on the status
of ecosystem condition is the quantitative output from
spatial and temporal time series of indicators of condition in
productivity, fish and fisheries, pollution and ecosystem
health, socioeconomics, and governance. Advances in
technology now allow for cost-effective measuring of the
changing states of LMEs using suites of indicators,
including those depicted in Figure 5.

LME INDICATOR MODULES

A five-module indicator approach to assessment and
management of LMEs has proven useful in ecosystem-
based projects in the United States and elsewhere. The
modules are customized for each LME through a
transboundary diagnostic analysis (TDA) process and a
strategic action plan (SAP) development process for the
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Modular Assessments for Sustainable Development

v PRODUCTIVITY MODULE INDICATORS
‘ A Photosynthetic activity
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v
>

" Zooplankton biodiversity & Eutrophication
Oceanographic variability ECOSYSTEM Biotoxins
Zooplankton biomass HEALTH Pathology
Ichthyoplankton biodiversity FISH Emerging disease
& Health indices
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e

"

.-"-?—

SOCIOECONOMICS
v SOCIOECONOMIC MODULE
‘ A INDICATORS
‘ ' Integrated assessments
Human forcing

Sustainability of long-term
socioeconomic benefits

Multiple marine ecological
disturbances

FISHERIES

FISH & FISHERIES MODULE
INDICATORS

Biodiversity

Finfish

Shellfish

Demersal species
Pelagic species

v GOVERNANCE MODULE INDICATORS
‘ A Stakeholder participation
“ ' Adaptive management

Figure 5. LME modules as suites of condition indicators.

groups of nations or states sharing an LME. These
processes are critical for integrating science into
management in a practical way, and for establishing
appropriate governance regimes.

Of'the five modules, three are science-based indicators
that focus on productivity, fish/fisheries, and pollution/
ecosystem health. The other two modules, socioeconomics
and governance, support the development of indicators
that improve measures of economic benefits to be derived
from a more sustainable resource use, as well as advance
legal and administrative support for ecosystem-based
management practices. The first four modules support the
TDA process, while the governance module is associated
with periodic updating of the SAP development process.
Adaptive management regimes are encouraged through
periodic assessment processes (i.e., TDA updates) and
through updating the action plans as gaps are filled (Wang
2004).

PRODUCTIVITY MODULE INDICATORS

Primary productivity can be related to the carrying
capacity of an ecosystem for supporting fish resources
(Pauly and Christensen 1995). It has been reported that the
maximum global level of primary productivity for
supporting the average annual world catch of fisheries has
been reached, and that further large-scale unmanaged

increases in fisheries yields from marine ecosystems are
likely to be at trophic levels below fish in the marine food
web (Beddington 1995).

Measurements of ecosystem productivity can be
useful indicators of the growing problem of coastal
eutrophication. In several LMEs, excessive nutrient
loadings of coastal waters have been related to algal
blooms implicated in mass mortalities of living resources,
emergence of pathogens (e.g., cholera, vibrios, red tides,
and paralytic shellfish toxins), and explosive growth of
nonindigenous species (Epstein 1993).

The ecosystem parameters measured and used as
indicators of changing conditions in the productivity
module are zooplankton biodiversity and species composi-
tion, zooplankton biomass, water-column structure, photo-
synthetically active radiation, transparency, chlorophyll-a,
nitrite, nitrate, and primary production. Plankton inhabiting
LMEs have been measured over decadal time scales by
deploying continuous plankton recorder systems monthly
across ecosystems from commercial vessels of opportu-
nity. Advanced plankton recorders can be fitted with
sensors for temperature, salinity, chlorophyll, nitrate/
nitrite, petroleum, hydrocarbons, light, bioluminescence,
and primary productivity, providing the means for in-situ
monitoring and for calibrating satellite-derived oceano-
graphic data. Properly calibrated satellite data can provide
information on ecosystem conditions including physical
state (i.e., surface temperature), nutrient characteristics,



primary productivity, and phytoplankton species composi-
tion (Berman and Sherman 2001; Aiken et al. 1999).

FISH AND FISHERIES MODULE INDICATORS

Changes in biodiversity and species dominance within
fish communities of LMEs have resulted from excessive
exploitation, naturally occurring environmental shifts due
to climate change, and coastal pollution. Changes in
biodiversity and species dominance in a fish community
can cascade up the food web to apex predators and down
the food web to plankton components of the ecosystem.

The fish and fisheries module includes both fisheries-
independent bottom-trawl surveys and pelagic-species
acoustic surveys to obtain time-series information on changes
in fish biodiversity and abundance levels. Standardized
sampling procedures, when employed from small calibrated
trawlers, can provide important information on changes in fish
species (Sherman 1993). Fish catch provides biological
samples for stock identification, stomach content analyses,
age-growth relationships, fecundity, and coastal pollution
monitoring for possibly associated pathological conditions,
as well as data for preparing stock assessments and for
clarifying and quantifying multispecies trophic relationships.
The survey vessels can also be used as platforms for
obtaining water, sediment, and benthic samples for monitoring
harmful algal blooms, diseases, anoxia, and changes in benthic
communities.

POLLUTION AND ECOSYSTEM HEALTH MODULE
INDICATORS

In several LMEs, pollution and eutrophication have
been important driving forces of change in biomass yields.
Assessing the changing status of pollution and health of
an entire LME is scientifically challenging. Ecosystem
health is a concept of wide interest for which a single
precise scientific definition is difficult. The health
paradigm is based on multiple-state comparisons of
ecosystem resilience and stability, and is an evolving
concept that has been the subject of a number of meetings
(Sherman 1993). To be healthy and sustainable, an
ecosystem must maintain its metabolic activity level and its
internal structure and organization, and must resist external
stress over time and space scales relevant to the ecosystem
(Costanza 1992).

The pollution and ecosystem health module measures
pollution effects on the ecosystem through the bivalve
mollusk monitoring strategy of the U.S. Environmental
Protection Agency’s Mussel-Watch Program, through the
pathobiological examination of fish, through the estuarine
and nearshore monitoring of contaminants and contami-
nant effects in the water column, substrate, and selected
groups of organisms, and through similar efforts. Where
possible, bioaccumulation and trophic transfer of contami-
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nants are assessed, and critical life history stages and
selected food web organisms are examined for indicators of
exposure to, and effects from, contaminants. Effects of
impaired reproductive capacity, organ disease, and
impaired growth from contaminants are measured.
Assessments are made of contaminant impacts at both
species and population levels.  Implementation of
protocols to assess the frequency and effect of harmful
algal blooms, emergent diseases, and multiple marine
ecological disturbances (Sherman 2000) are included in the
pollution module.

In the United States, the EPA has developed a suite of
five coastal condition indices -- water quality, sediment
quality, benthic communities, coastal habitat, and fish
tissue contaminants -- as part of an ongoing collaborative
effort with NOAA, the U.S. Fish and Wildlife Service, the
U.S. Geological Survey, and other agencies representing
states and tribes. The 2004 report, “National Coastal
Condition ReportI1,” includes results from EPA’s analyses
of coastal condition indicators and NOAA’s fish stock
assessments by LMEs aligned with EPA’s national coastal
assessment regions (USEPA 2001, 2004).

SOCIOECONOMIC MODULE INDICATORS

This module emphasizes the practical application of
scientific findings to managing LMEs, and the explicit
integration of social and economic indicators and analyses
with all other scientific assessments, to assure that
prospective management measures are cost-effective.
Economists and policy analysts work closely with
ecologists and other scientists to identify and evaluate
management options that are both scientifically credible
and economically practical with regard to the use of
ecosystem goods and services.

In order to respond adaptively to enhanced scientific
information, socioeconomic considerations must be
closely integrated with science. This component of the
LME approach to marine resources management has
recently been described as the human dimensions of
LMEs. A framework has been developed by the
Department of Natural Resource Economics at the
University of Rhode Island for monitoring and assessment
of the human dimensions of LMEs, and for incorporating
socioeconomic considerations into an adaptive manage-
ment approach for LMEs (Sutinen et al. 2000). One of the
more critical considerations, a method for economic
valuations of LME goods and services, has been developed
using framework matrices for ecological states and economic
consequences of change (Hoagland et al. 2004).

GOVERNANCE MODULE INDICATORS

The governance module is evolving, based on
demonstration projects now underway in several ecosys-



Page 6

Georges
Bank

" Southern
New
England

Middle
Atlantic

Examples of
Management
Jurisdictions

of the
Northeast Shelf
Ecosystem

New England Fishery
Management Council
Region

Mid Atlantic Fishery
Management Council
Region

Shared Jurisdiction

— NOrtheast U.S.
Continental Shelf LME

vonnnnn. LME Subdivisions

Marine Protected
Areas (Fisheries)

- Stellwagen Bank National

Marine Sanctuary

Coastal Condition
Assessments

© NERRS Locations

Figure 6. Example of multijurisdictional LME governance. (Included are: 1) jurisdictions covered by the New England and Mid-Atlantic
Fishery Management Councils; 2) LME subareas; 3) marine protected areas and the boundaries of the Stellwagen Bank National
Marine Sanctuary; 4) near-coastal areas assessed for “condition” determinations by the EPA; and 5) locations of National

Estuarine Research Reserve Sites (NERRS).)

tems, such that ecosystems will be managed more
holistically than in the past. In LME assessment and
management projects supported by the Global Environ-
ment Facility (GEF) for the Yellow Sea, Guinea Current, and
Benguela Current LMEs, agreements have been reached
among the environmental ministers of the countries
bordering these LMEs to enter into joint resource
assessment and management activities. Elsewhere, the
Great Barrier Reef and Antarctic LMEs are also being
managed from an ecosystem perspective, the latter under
the Commission for the Conservation of Antarctic Marine
Living Resources.

Governance profiles of LMEs are being explored to
determine their utility in promoting long-term sustainability
of ecosystem resources (Juda and Hennessey 2001). In
each of the LMEs, governance jurisdiction can be scaled to
ensure conformance with existing legislated mandates and
authorities. An example of multiple governance-related
jurisdictions is shown in Figure 6.

APPLICATION OF INDICATOR MODULES
TO LME MANAGEMENT

Indicator data derived from spatial and temporal
applications of the five modules are being applied by a
growing number of nations in the assessment and
management of LMEs with the financial assistance of the
Global Environment Facility. Among the stressors
affecting the sustainability of LMEs are the growing
problem of coastal eutrophication, and the depletion of fish
and fishery resources and biomass yields.

ESTABLISHMENT OF THE GLOBAL ENVIRONMENT
FACILITY

Continued overfishing in the face of scientific
warnings, fishing down food webs, destruction of habitat,
and accelerated pollution loading, especially nitrogen



export, have resulted in significant degradation to coastal
and marine ecosystems of both rich and poor nations.
Fragmentation among institutions, international agencies,
and disciplines, lack of cooperation among nations sharing
marine ecosystems, and weak national policies, legislation,
and enforcement all contribute to the need for a new
imperative for adopting ecosystem-based approaches to
managing human activities in these systems in order to
avoid serious social and economic disruption.

Following a 3-yr pilot phase (1991-1994), the Global
Environment Facility was formally launched to forge
cooperation and to finance actions in the context of
sustainable development -- actions that address critical
threats to the global environment from biodiversity loss,
climate change, degradation of international waters, ozone
depletion, and persistent organic pollutants. Activities
concerning land degradation, primarily desertification and
deforestation as they relate to these threats, are also
addressed. GEF-LME projects are implemented by the UN
Development Program (UNDP), UN Environment Program
(UNEP), and World Bank. Expanded opportunities exist for
participation by other agencies.

SCIENCE-BASED ASSESSMENTS
OF LME BIOMASS YIELDS

The growing awareness that biomass yields are being
influenced by multiple driving forces has broadened
monitoring strategies to encompass food chain dynamics
and the effects of environmental perturbations and
pollution on living marine resources from an ecosystem
perspective. To assist stewardship agencies in implement-
ing ecosystem-based assessment and management prac-
tices, TDAs are being focused on the root causes of trends
in LME biomass yields. In addition, information on
principal driving forces of biomass yields from 29 LME case
studies by marine resource experts has been analyzed. A
list of the principal investigators, constituting the expert-
systems analyses, appearing in 12 peer-reviewed and
published LME volumes, is given in Table 1. The biomass
yields in Table 2 are based largely on the mid-point value
(i.e., 1995) of LME yields compiled by FAO for 1990-1999
(Garibaldi and Limongelli 2003). Biomass yield data for
three LMEs not included in the FAO report were taken from
published LME case studies, and are based on the mid-
point value for other periods of time.

Based on the expert systems analyses, principal and
secondary driving forces were assigned to each LME using
four categories (climate, fisheries, eutrophication, and
inconclusive) as seen in Table 2. Of the 29 LME case
studies, 13 were assigned to climate forcing as the principal
driver of change in biomass yield, 14 were assigned to
fishing as principal driver, one was assigned to
eutrophication, and the remaining one was deemed
inconclusive. In all but three of the 29 LMEs, fishing and
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climate accounted for all of the primary and secondary
drivers. Eutrophication was the principal driver in the Black
Sea LME, and was the secondary driver in the
Mediterranean and Baltic Seas LMEs.

The contribution of the 29 LMEs to the annual global
biomass yields amounts to 54.4 million metric tons (mmt), or
64% of the total, based on the average annual global
biomass yield from 1995 to 1999 of 85 mmt (Garibaldi and
Limongelli 2003). It would appear that the management
regime for nearly half of this yield from the 29 case-study
LMEs (27.0 mmt) will need to focus primarily on the climate
signal and secondarily on catch control, whereas the
management regime for slightly less of this yield (24.8 mmt)
will need to focus primarily on catch control and secondarily
on the climate signal, to recover depleted fish stocks and
achieve maximum sustainable yield levels (Table 3).

The influence of climate forcing in biomass yields for
the California Current LME has been analyzed and
illustrated by Lluch-Belda ez al. (2003). Evidence of climate
forcing for the Humboldt Current LME has been given by
Wolff et al. (2003), and for the Iceland Shelf LME by
Astthorsson and Vilhjalmsson (2002). In contrast, the
argument for urgent reduction in fishing effort is supported
by the data in Sherman et al. (2003) for the U.S. Northeast
Shelf LME, and by the expert analysis of Pauly and
Chuenpagdee (2003) for the Gulf of Thailand.

The observation that excessive fishing effort can alter
the structure of the ecosystem, resulting in a shift from
relatively high-priced, large-sized, long-lived, demersal
species, down the food chain toward lower-valued, smaller-
sized, shorter-lived, pelagic species (Pauly and Christensen
1995), is supported by the LME data on species biomass
yields. Evidence from the East China Sea, Yellow Sea, and
Gulf of Thailand suggests that these three LMEs are
approaching a critical state of change, wherein recovery to
a previous ratio of demersal-to-pelagic species may
become problematic. In all three cases, the fisheries are
now being directed toward fish protein being provided by
catches of smaller-sized species 